Magnetic nanocomposites possess complex and nonuniform magnetic structure. As a result it is necessary to use different physical methods to describe their properties. In this work we have applied a combination of micro and macro approaches to understand more deeply magnetic properties of some cobaltcontaining nanocomposites. Testing of magnetic structure of the samples at molecular level was done with NMR and Mössbauer techniques whereas static (SQUID) and dynamic magnetic (M 2 , see below) measurements -at macro level.
Introduction
Magnetic nanocomposites have aroused significant scientific and technological interest due to their unique properties and wide area of possible applications, see e.g. [1] and references within. In the case of metal nanoparticles synthesis, the major problem is instability of oxidation of the particles and a necessity to control the size and shape of them. Hence, investigation of the physical properties such as magnetic behavior etc. in systems with reduced dimensionality requires an application of as wide set of the techniques as possible. In our case we tested two magnetic nanomaterials, based on cobalt-containing clusters fixed on a surface of nano-Teflon (PTFE) granules. The first composite (further "Co") contained cobalt clusters while the second composite (further "FeCo") included those of bimetallic iron-cobalt clusters. To clarify magnetic state of the samples as a whole (bulk level) we employed measurements of static magnetization with SQUID magnetometry, and registration of the second harmonic of magnetization of longitudinal nonlinear response to a weak ac field (M 2 -response, see below). To test local magnetic state of cobalt and iron in the samples under study we used NMR and Mössbauer techniques.
Experimental details
Nanocomposites under study were prepared by the method of thermal decomposition as described earlier, see [2] and references within. An average diameter of the particles was about 10 nm, a total cobalt concentration was equal to 5 mass.% in both samples, and iron concentration was 5 mass.% in the "FeCo" samples.
A dependence of magnetization M against temperature was measured with a SQUID magnetometer in a constant magnetic field in a range 1 mT -6 T when heating the sample preliminary cooled from 300 K down to 3 K in zero field (zero-field cooled magnetization, M ZFC ) or in the applied field (field-cooled magnetization, M FC ). Thermo remanent magnetization (TRM) was investigated in zero magnetic field when heating after cooling the sample from 300 K to 3 K in a field. The magnetization data below are presented after subtraction of the diamagnetic contribution. 59 Co NMR signals were detected by spin-echo method using a home-made noncoherent pulse spectrometer with a frequency sweep and boxcar detector signal averaging. The NMR spectra were recorded by measuring the integrated intensity of the spin-echo versus frequency after a two-pulse sequence τ− τ 1−2 − τ, where τ 1−2 = 7.2 μs is the interval between the excitation pulses with duration τ = 0.6 μs. 57 Fe Mössbauer spectra were recorded in transmission geometry by a conventional constant acceleration apparatus WISSEL with a 57 Co/Rh source. The spectra parameters were refined by MOSFIT fitting software. The velocity scale was calibrated with a standard thin α-iron foil at room temperature.
The measurements of the second harmonic of magnetization, M 2 , of the longitudinal nonlinear response (NLR) were performed in the parallel steady and last allows one to analyze the results in the framework of perturbation theory. ReM 2 and ImM 2 phase components of M 2 response were simultaneously recorded as the functions of H at the various sample temperatures in the range from 160 K up to 430 K. The field H was scanned symmetrically relative to the point H = 0 with frequency F sc for control of a field hysteresis in the signal, which appearance due to symmetry properties of M 2 indicates arising the spontaneous ferromagnetic moment in a sample. The method is very sensitive to appearance of a ferromagnetic (F) component in magnetization owing to its noticeable nonlinearity in weak magnetic fields. The amplitude of H-scan was 300 Oe and F sc could be changed over the range 0.01 -10 Hz. An installation and a method of separation of the M 2 -phase components have been described previously [3] . Sensitivity of these measurements was about 10 -9 emu.
3 Results and discussion 3.1. SQUID data First, we tested bulk magnetic properties of the samples using SQUID measurements as well-known technique for investigation of various magnets. Some data for the "FeCo" sample obtained at low magnetic field are shown in The total magnetization of the "FeCo" sample may include contributions not only from the ferromagnetic metallic cobalt but from a ferromagnetic metallic iron as well. The M s at 6 T was equal to ~ 4.5/4.0*10 -3 A*m 2 /g, however it was impossible to divide this value between cobalt and iron contributions using only SQUID data. Therefore we employ NMR spectroscopy in the NMR-inmagnetics variant and Mössbauer spectroscopy in order to test the samples magnetic properties at local level. 59 Co NMR in zero magnetic field (also known as "NMR-inmagnets" or "spin echo" technique) allows one to check if the metallic cobalt exists in the nanocomposites, whereas 57 Fe Mössbauer spectrum can reveal an information about a status/phases of iron in the "FeCo" sample.
NMR and Mössbauer data
A spectrum of the "Co" sample was already detected previously at 77 K [2] and indicated the main signal near 226 MHz corresponded to metallic cobalt in the form of hcp phase. A spectrum of the "FeCo" sample is displayed in figure 2 , and shows metallic cobalt as well, mostly in the hcp phase also. On the contrary, two different iron oxides, of Fe 2+ and of Fe 3+ have been detected, their relative amounts being equal to 79.4% and 20.6% accordingly. Thus, combining NMR and Mössbauer data it is possible to picture "FeCo" cluster in the form of a core-shell nanoparticle with a core of metallic cobalt and with the iron oxides making an external "patch" layer of the cluster, see figure 4 . core shell Fig. 4 . Schematic structure of core-shell FeCo nanoparticle. See details in the text.
As it was mentioned above metallic core in cobalt nanoparticles is commonly covered by cobalt-oxide shell. The formation of this layer is due to process of cobalt oxidation during the preparation process. NMR can not detect cobalt oxides as their frequencies are far from available range of the device used in this work. Therefore we tried to use a relatively new method -registration of the second harmonic of magnetization of longitudinal nonlinear response to a weak ac field (M 2 ) -in order to try to obtain some additional information concerning cobalt clusters. We applied this technique only for "Co" sample due to its simpler composition comparing with "FeCo" one.
Second harmonic of magnetization data
In the simple case of uniaxial anisotropy a magnetic moment of nanoparticle (that is the case for Co one [2] ) is aligned along this axis and without an external magnetic field both directions of magnetization in the anisotropy axis are equivalent, while at presence of field one of them is preferred. After the field switching off the magnetization should mount the energy barrier E b = KV (K is an anisotropy constant, and V is a volume of particle) to rotate back to the state defined by anisotropy, which takes a time. The relaxation time of this process τ is given by 1/τ = Γ = f 0 exp(-E b /kT) [4] , where the Larmor frequency f 0 is of the order of 10 9 s -1 . Because the particle volume V and temperature T are both in the exponent, the value of τ is strongly dependent on them. The probability that the magnetization remains in its original position during time t after switching off the external field can be written as P(t) = exp(-t/τ), that gives for retentivity M ret (t)/M 0 = exp(-t/τ). Thus, if the registration time is less than τ, the M ret will be detected. In our case of the periodic H-scan and synchronous detection of a response, H-hysteresis will be observed in M 2 (H) response, when a period of H-scan 1/F sc ≤ τ = 1/Γ. For standard measurements of M ret the time τ* = 100 s is normally used that gives the limit of SPM behavior K 1 V = 25kT. From this relation for the ensemble of identical particles the blocking temperature T B iis introduced, above which the behavior of the system will be superparamagnetic without the field hysteresis in M 2 (H)-response. It is given by expression T B = KV/25k [4] . In blocking regime below T B the field hysteresis depending on F sc should be observed in M 2 (H). To clarify whether "Co" composite sample provides a typical for an ensemble of nanoparticles M 2 (H) response with an extremum in a weak steady field H and field hysteresis, which depends on T and F sc , we obtained the corresponding dependences. Figure 5 a weak field H and reveals the strong dependence of Hhysteresis on F sc (figure 5b). The contribution to the ReM 2 (H) from this signal is hardly seen in Fig.5a . The M 2 response reveals the similar features at heating of the sample from 160 up to 430 K, specifically the decreasing/ invariability of H-hysteresis in ImM 2 /ReM 2 accordingly is found (are not presented). As it was discussed above the Co cluster probably consists of F metal Co core and an oxide shell with usual for Co oxides antiferromagnetic arrangement (AF). The availability of structure defects on/near surface of clusters implies a presence of F component in the AF response of the shell to external field. This suggests observation of M 2 (H) response without extremum in a weak H from the AF shell (since large H is necessary to decouple its magnetic sublattices) and a characteristic signal with the weak H extremum and dependence on F ac from F core in agreement with M 2 data. In the shell a relative amount of Co atoms can be essentially larger than in core in accordance with the amplitudes of these signals ratio in ReM 2 (H) (figure 5a). The signal from the F core is better observed in ImM 2 (H) owing to more effective magnetic relaxation of AF shell (ImM 2 ∝ (ω/Γ)ReM 2 in first approximation without taking into account an effect of field on relaxation). So the latter gives a small contribution to ImM 2 . A signal with the positive sign in ReM 2 component was earlier observed in M 2 response of AF La 2 CuO 4+x , possessing by a weak ferromagnetism [5] that supports our assumption.
Thus, the M 2 data suggest a presence of a core-shell structure of Co nanoparticles in "Co" composite similar to that of FeCo clusters in "FeCo" one. The core is formed by F ordered metallic Co and AF oxide shell arises due to oxidation of Co at sample preparation and exhibits a considerable F component owing to structure defects near particle surface. 
